ABSTRACT Dithiothreitol, which completely inhibits the de-epoxidation of violaxanthin to zeaxanthin, was used to obtain evidence for a causal relationship between zeaxanthin and the dissipation of excess excitation energy in the photochemical apparatus in Spinicia oleracea L. In both leaves and chloroplasts, inhibition of zeaxanthin formation by dithiothreitol was accompanied by inhibition of a component of nonphotochemical fluorescence quenching. This component was characterized by a quenching of instantaneous fluorescence (Fo) and a linear relationship between the calculated rate constant for radiationless energy dissipation in the antenna chlorophyll and the zeaxanthin content. In leaves, this zeaxanthin-associated quenching, which relaxed within a few minutes upon darkening, was the major component of nonphotochemical fluorescence quenching determined in the light, i.e. it represented the 'high-energy-state' quenching. In isolated chloroplasts, the zeaxanthin-associated quenching was a smaller component of total nonphotochemical quenching and there was a second, rapidly reversible high-energy-state component of fluorescence quenching which occurred in the absence of zeaxanthin and was not accompanied by Fo quenching. Leaves, but not chloroplasts, were capable of maintaining the electron acceptor, Q, of photosystem 11 in a low reduction state up to high degrees of excessive light and thus high degrees of nonphotochemical fluorescence quenching. When ascorbate, which serves as the reductant for violaxanthin de-epoxidation, was added to chloroplast suspensions, zeaxanthin formation at low photon flux densities was stimulated and the relationship between nonphotochemical fluorescence quenching and the reduction state in chloroplasts then became more similar to that found in leaves. We conclude that the inhibition of zeaxanthin-associated fluorescence quenching by dithiothreitol provides further evidence that there exists a close relationship between zeaxanthin and potentially photoprotective dissipation of excess excitation energy in the antenna chlorophyll. light is thought to result in an increase in the activity of (one or several) energy dissipation processes within the photochemical apparatus as evidenced by nonphotochemical fluorescence quenching (5, 9, 15, 17, 18) . Recently, a linear relationship has been reported between the rate constant for radiationless energy dissipation in the antenna Chl (kD3), as calculated from Chl fluorescence, and the leaf content of the carotenoid zeaxanthin (6, 7, 9, 10) , which is formed in the thylakoid membranes via de-epoxidation of violaxanthin and antheraxanthin (13, 23, 26) . With leaves, this correlation with zeaxanthin was obtained for the so-called 'energy-dependent' or 'high-energy-state' quenching determined in the light, i.e. a rapidly induced and rapidly reversible kind of fluorescence quenching (9), and also for a sustained kind of fluorescence quenching which developed, for example, over days in Nerium oleander subjected to water stress (7). These correlations have suggested, but not proven, that a causal relationship exists between zeaxanthin and the radiationless dissipation ofenergy in the antenna chlorophyll.
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Exposure of leaves or chloroplast suspensions to excessive ' light is thought to result in an increase in the activity of (one or several) energy dissipation processes within the photochemical apparatus as evidenced by nonphotochemical fluorescence quenching (5, 9, 15, 17, 18) . Recently, a linear relationship has been reported between the rate constant for radiationless energy dissipation in the antenna Chl (kD3), as calculated from Chl fluorescence, and the leaf content of the carotenoid zeaxanthin (6, 7, 9, 10) , which is formed in the thylakoid membranes via de-epoxidation of violaxanthin and antheraxanthin (13, 23, 26) . With leaves, this correlation with zeaxanthin was obtained for the so-called 'energy-dependent' or 'high-energy-state' quenching determined in the light, i.e. a rapidly induced and rapidly reversible kind of fluorescence quenching (9) , and also for a sustained kind of fluorescence quenching which developed, for example, over days in Nerium oleander subjected to water stress (7) . These correlations have suggested, but not proven, that a causal relationship exists between zeaxanthin and the radiationless dissipation ofenergy in the antenna chlorophyll.
The formation of zeaxanthin can be completely prevented in leaves (2) and isolated chloroplasts (20, 25, 27) , by pretreatment with, or the addition of, the sulfhydryl reagent DTT which inhibits the violaxanthin de-epoxidase (27) . A previous study has indicated that DTT-treated cotton leaves showed a decreased level of nonphotochemical fluorescence quenching (2) . The present study is directed toward an evaluation of the characteristics of this component of fluorescence quenching, and its relationship with the process of radiationless energy dissipation in the antenna Chl which has been identified previously (6, 9) . The ability of leaves and chloroplasts to nonradiatively dissipate excessive energy is compared under conditions where zeaxanthin is permitted to accumulate in the antenna Chl as opposed to those where the formation of zeaxanthin is prevented by DTT. (14) , except that ascorbate and cysteine were omitted from the isolation media. Furthermore, these leaves were harvested between 0730 and 0800, prior to the onset of artificial illumination (this was done to ensure that the leaves were zeaxanthin-free), and did not receive the standard illumination preceding chloroplast isolation. DTT (final concentration 1 mM) was added to chloroplast suspensions prior to measurements in the 02 electrode. Leaves were pretreated with DTT as described in Bilger et al. (2) ; cut leaves were kept in a growth cabinet at a PFD of 40 ,umol m-2 s-I for a minimum of 90 min with their petioles in a solution of 3 composition as those used to measure 02 evolution, but with an 8 times greater volume, were illuminated in a small waterjacketed glass container which was placed in the position of the O2 chamber. After 10 min illumination the suspension was decanted rapidly (in darkness) into a centrifuge vial and spun down for 1 min. The supernatant was discarded and the pellet stored in liquid N2. Chloroplast pellets were ground and extracted in the same way as leaf samples. Pigment analyses followed the procedure described previously (6) .
RESULTS

Photosynthesis and Chi Fluorescence in Control and DTT-Treated Leaves and Isolated Chloroplasts
In Figure 1 are depicted the rates of photosynthetic 02 evolution in control and DTT-treated leaves and isolated intact chloroplasts ( were striking differences in 1-qp, which is a measure of the reduction state of the acceptor Q of PSII, between control leaves and control chloroplasts at all PFDs. In leaves, l-qp increased much less strongly than qNp, whereas in isolated chloroplasts I-qp and qNp increased concomitantly. Values of 1-qp of 0.5, i.e. a reduction state of approximately 50%, were reached only above 1500 ,mol m-2 s-' in control leaves, while isolated (control) chloroplasts showed a reduction state of 50% at PFDs as low as 100 ,umol m-2 s-'.
Pretreatment of leaves with DTT and the addition of DTT to chloroplast suspensions had no effect on the rate of 02 evolution over a 10 min period of illumination (Fig. IA) . DTT did, however, completely inhibit the formation of zeaxanthin in leaves and isolated chloroplasts ( Table I ). The sum of the amounts of the three xanthophylls, violaxanthin, antheraxanthin, and zeaxanthin, was similar (on a Chl basis) in leaves and chloroplasts (Table I) (Fig. 2) . In isolated chloroplasts, the maximum fluorescence yield in a pulse of saturating light was also higher in the DTT- treated samples compared to the controls; however, the differences between control and treated samples were much less striking than in the leaves. Figure 3 shows the rate constant for radiationless energy dissipation in the antenna Chl, kD, in leaves, as calculated from the maximum fluorescence yield induced by pulses of saturating light given during illumination (see also 3, 9, 17) . A large portion of the fluorescence quenching (expressed as kD) which developed with increasing PFD in control leaves was rapidly reversible within 2 to 5 min upon darkening (Fig.  3A) . In DTT-treated leaves, however, this rapidly relaxing component of fluorescence quenching was almost completely absent ( Fig. 3B) , i.e. DTT-treated leaves showed only a small degree of fluorescence quenching which persisted almost fully (over a period of 5 min) upon darkening. The calculated difference kD (control) -kD (DTT) clearly shows that DTT fully inhibited the rapidly relaxing component of fluorescence quenching which developed above 200 ,umol photons m-2 S-1 (Fig. 3C) , i.e. DTT inhibited 'energy-dependent' or 'highenergy-state' quenching in leaves. Figure 4 shows the corresponding light response of kD for isolated chloroplasts. When expressed as kD, the total nonphotochemical fluorescence quenching in chloroplasts did not reach values as high as those observed in leaves at high PFDs, whereas at low PFDs values of kD were higher in chloroplasts than in leaves. As was found to be the case in leaves, a large component of fluorescence quenching in the light was reversible within 2 to 5 min upon darkening. The cence quenching (when expressed as kD) was inhibited by DTT in isolated chloroplasts (Fig. 4) . Addition of the uncoupler NH4Cl during illumination resulted in the removal (relaxation) of both components of nonphotochemical fluorescence quenching, which relax rapidly upon darkening (not shown), an indication that both components are related to the transthylakoid ApH. Treatment of leaves and chloroplasts with DTT affected the quenching of Fo which occurred at the higher PFDs (Fig.  2) . Figure 5 shows the effect of the 10 min exposure to various PFDs on Fo in control leaves and DTT-treated leaves. As had been observed previously (9) , Fo increased at low PFDs. Beginning at the PFD at which photosynthesis departed from linearity (cf with Fig. IA) and at which the rapidly reversible component of fluorescence quenching began to develop (Fig.   3 ), F. decreased in the control leaves (Fig. 5 ). In the DTTtreated leaves, F. also showed an increase at low PFDs. In contrast to the control leaves, Fo remained high in DTTtreated leaves and continued to increase somewhat with increasing PFD. In one set of data, F. was measured in the presence of low intensity far red radiation. However, this had no effect on the level of F.. When the actinic light was Figure  6 . Ascorbate serves as a reductant for violaxanthin (and antheraxanthin) de-epoxidation (23, 24) . Chloroplasts to which ascorbate had been added indeed showed much higher zeaxanthin contents and lower violaxanthin contents at the end of a 10 min period at low PFD than chloroplast suspensions to which no ascorbate had been added (Table II) . Irrespective of whether qNp or kD was used as a measure of energy dissipation, leaves showed a maximum DTT-sensitive energy dissipation some three to four times that observed in isolated chloroplasts (Fig. 6) PFDs only when expressed as qNp whereas it saturated and remained high when expressed as kD. These are the expected responses ofqNp, which may underestimate changes that occur at high degrees of total quenching, and of kD which should increase in proportion to a dissipation process in the antenna Chl. We believe that the parameter kD, using the reciprocal of FM, provides a better quantitative estimate of the quenching component identified here in leaves. As shown in Figure 7 , the DTT-sensitive increases in kD and Fo quenching that took place in response to increasing PFD were accompanied by similar relative increases in the zeaxanthin content of the leaves.
Relationship between Nonphotochemical Fluorescence
Quenching and the Reduction State of the Acceptor Q of PSII in Leaves and Chloroplasts Figure 8 (Figs. 3 and 6 ). When nonphotochemical fluorescence quenching is plotted against l -qp ( Fig.  9) , it becomes apparent that the relationship between these two parameters was different in leaves and isolated chloroplasts. Whereas in leaves nonphotochemical fluorescence quenching initially increased strongly without pronounced increases in the reduction state of Q, in intact chloroplasts (without added ascorbate) the increases in qNp and l-qp were quantitatively similar ( Fig. 9A ; see also Fig. 1 (Fig. 7) . As one would expect from quenching resulting from an increase in radiationless energy dissipation in the antenna Chl, the DTT-sensitive quenching of FM was accompanied by a (smaller) quenching of F. (Figs. 5 and 6C ).
The finding that treatment of the leaves with DTT increased the reduction state of Q by some 30% (at PFDs between 500 and 2000 Mmol m-2 s-') is also consistent with the conclusion that less energy was dissipated in the antennae, thereby resulting in an increased flow of energy to the PSII centers. Clearly, such a dissipative mechanism has the potential of providing protection against harmful overexcitation of these centers.
The DTT-sensitive quenching component exhibited rapid induction and relaxation kinetics (Figs. 2 and 3) , generally a. considered to be characteristic of 'energy-dependent' or 'highenergy-state' quenching (9, 15, 19) . In the spinach leaves used here the DTT-sensitive, i.e. zeaxanthin-associated, component of fluorescence quenching evidently accounts for nearly all of such high-energy-state quenching.
In isolated spinach chloroplasts (without ascorbate, Fig. 4 ) the DTT-sensitive quenching component comprised less than one-half of the total high-energy-state, rapidly relaxing DTTinsensitive quenching. The remaining rapidly relaxing DTTinsensitive quenching of FM, which occurred in the absence of zeaxanthin, was not accompanied by any detectable quenching of FO. Therefore, this DTT-insensitive quenching does not appear to be caused by an increase in the rate constant for energy dissipation in the antennae. Rather, it may be associated with energy dissipation at the PSII reaction centers, possibly via cyclic electron transfer around these centers (16, 21) . The fact that isolated chloroplasts showed a small extent of the zeaxanthin-associated quenching activity in the absence of added ascorbate may in part be related to an inability to accumulate zeaxanthin, since the addition of ascorbate did stimulate the formation of zeaxanthin at low PFDs (23, 24) . Addition of ascorbate also altered the relationship between nonphotochemical fluorescence quenching and the reduction state of Q. However, the maximum extent of the DTTsensitive component of energy dissipation was very similar in the presence and absence of ascorbate ( Fig. 6 ; see also 25) , and isolated chloroplasts also possessed similar total amounts of the three xanthophylls involved in the xanthophyll cycle as leaves (Table I ). Hence, it is possible that the occurrence of a DTT-insensitive quenching process in chloroplasts may be the cause for, rather than a consequence of, an incomplete formation of zeaxanthin.
The inability of chloroplasts to maintain a low reduction state of Q until high levels of nonphotochemical fluorescence quenching were reached is probably, in part, related to the much lower electron transport rates in isolated chloroplasts. However, it may also indicate that the zeaxanthin-associated quenching process in leaves is more effective in that respect than the zeaxanthin-independent quenching process in chloroplasts.
We conclude that an inhibition of zeaxanthin formation is responsible for the inhibition of the major component of rapidly relaxing fluorescence quenching in leaves under the conditions used in this study. One possible reservation against such a conclusion is that the reductant DTT could inhibit both zeaxanthin formation and fluorescence quenching independently. Conceivably, DTT could interfere with the postulated dissipative cycle around PSII. However, the fact that a zeaxanthin-independent quenching process can clearly be separated from the zeaxanthin-associated process in isolated chloroplasts, as well as the fact that DTT inhibits the stimulation of the latter process by the reductant ascorbate, further supports the interpretation that zeaxanthin formation is causally linked to the DTT-sensitive component of fluorescence quenching.
Nevertheless, it is clear that the presence of zeaxanthin alone is insufficient to cause nonphotochemical quenching.
For example, upon return to darkness or limiting light, relaxation of fluorescence quenching is much faster than the reepoxidation of zeaxanthin (1, 8, 13 (12) but may also control its action as a fluorescence quencher, perhaps via a conformational change in the thylakoid membrane that facilitates the association between zeaxanthin and Chl. The time course ofthe relaxation of such conformational changes may vary depending on treatment conditions and could explain the variation in relaxation kinetics reported for zeaxanthin-associated fluorescence quenching. For example, short-term sudden exposures to high light induced a DTT-sensitive and/or zeaxanthin-correlated quenching which relaxed rapidly (this study; 9, 10), whereas long-term treatments involving gradual increases in excessive light over days induced zeaxanthin-correlated quenching which relaxed very slowly (7). Whereas spinach leaves exhibited fluorescence quenching which was almost exclusively of the type associated with energy dissipation in the antenna Chl under the conditions used in this study (favorable for photosynthesis), in the accompanying paper (1) it will be shown that a second, rapidly relaxing type of high-energy-state fluorescence quenching, similar to that observed in chloroplasts, can also be induced in intact spinach leaves under conditions which are less favorable for photosynthesis.
